The European climate strategy has encouraged the usage of the External Thermal Insulation Composite System (ETICS) to increase the energy efficiency of external building envelopes. This externally and relatively easily applicable façade solution must meet various technical requirements. This paper develops a technical severity evaluation model of on-site construction activities of ETICS to prioritize the risks of the construction process. The model can be used independently by any stakeholder of the construction process. The relevance of the activities is assessed with the Failure Mode Effects Analysis method. The model weights the impact of the essential technical requirements and simulates an integrated weighted technical severity value, which is derived from the analysis of experts' judgments validated with the non-parametric Friedman's test. The data collection for probability of occurrence and difficulty of detectability follows the Delphi technique to quantify the opinions of a group. The simulation, conducted on 103 degradation factors, shows that the on-site construction activities of ETICS strongly influence the decrease in the technical resilience of long-term durability, mechanical resistance, and stability, as well as the ability to bypass tensions. The highest risk is detected by the shortcomings in the layers of substrate, reinforcement, adhesive, and additional details.
Introduction
European countries need to refurbish existing dwellings and increase their quality as well as energy efficiency, as 70% of the housing stock in the European Union was built before 1980 [1] . It is expected that the life-span for multi-story dwellings is between 50 and 70 years, which emphasizes the need for imminent updates. The energy efficiency requirements have increased the usage of the External Thermal Insulation Composite System (ETICS) as a refurbishment possibility to extend the service life of the external shell [2, 3] . Due to the increased interest in this construction technology, the durability of the ETICS, as well as the pathology of the degradation signs, has become a popular research subject.
The ETICS has many advantages, which have made it a favourable façade solution and increased its usage in European countries. This complex system is a combination of different construction materials in several layers, all having specific requirements as well as application methods. Each layer of the system is designed to provide particular value and has a significant role. Possible deterioration causes include poor design, unsuitable usage of building materials, or on-site construction technology inadequacies [4] . Institut für Bauforschung [5] revealed in their study that construction activities cause 66% of the defects in the ETICS, which have failed to achieve energy performance requirements. 
Study Scope and Limitations
The data collected to test the simulation model concerned the ETICS with the following characteristics, which are correspondingly the limitations of data collection: the subject is an existing multi-apartment building; external walls are made out of masonry or prefabricated concrete panels; the fixing method for the ETICS is either purely bonded with adhesive or mechanically fixed with anchors and supplementary adhesive; reinforcement consists of a mixture and glass-fiber mesh; the thermal insulation product is composed of mineral wool or expanded polystyrene with a thickness of 150 mm to 250 mm; and the study concerns the region-specific aspects of Estonia, which lies in the Dfb (snow climate, fully humid, warm summer) zone according to the Köppen-Geiger Map. 
The data collected to test the simulation model concerned the ETICS with the following characteristics, which are correspondingly the limitations of data collection: the subject is an existing multi-apartment building; external walls are made out of masonry or prefabricated concrete panels; the fixing method for the ETICS is either purely bonded with adhesive or mechanically fixed with anchors and supplementary adhesive; reinforcement consists of a mixture and glass-fiber mesh; the thermal insulation product is composed of mineral wool or expanded polystyrene with a thickness of 150 mm to 250 mm; and the study concerns the region-specific aspects of Estonia, which lies in the Dfb (snow climate, fully humid, warm summer) zone according to the Köppen-Geiger Map.
Identification and Selection of Experts
There is no quantified data available on the research subject. Hence, expert judgement was suitable for use in this study. The selection of experts considerably affects the quality of the data [28] . The terms for the selection of experts was their in-depth knowledge and understanding of the technical considerations of the ETICS as well as practical on-site experience. According to Olson [29] , variations in reviewer backgrounds are allowed. Hallowell et al. [30] suggested that in the construction industry, expert identification could be conducted through the membership of nationally recognized committees or by participation in similar studies. The expert should meet at least four of the following requirements: (1) at least five years of professional experience in the construction industry; (2) tertiary education degree in the field of civil engineering or other related fields; (3) professional registration in the field of construction; (4) member or chair of a nationally recognized committee for the ETICS; (5) writer or editor of a book or book chapter on the topic; (6) faculty member at an accredited institution of higher learning; (7) invited to present at a conference on the topic; and (8) primary or secondary writer of at least three peer-reviewed journal articles.
As the model was developed for usage in SMEs, the number of required experts was small. The most suitable number of panelists has not been exactly determined in the literature to quantify the experts' evaluations. The size of the group depends on the availability of the experts, available resources, and research topic [31] . In other studies of the construction industry, a small number of experts was often used. Chan et al. [28] involved eight panelists to study the selection process of a procurement system in the construction industry. Chau [32] included seven experts to evaluate the estimated probability of unit costs. Six experts were identified and selected for a risk assessment of road projects [33] and five experts evaluated construction business risks [34] . Studies have included 3-144 experts in the studies of various industries [35] and 3-93 panelists in the construction industry [31] . Hallowell et al. [30] proposed a panel size between 8 and 12, whereas Rowe et al. [36] suggested including five or more experts in the panel and pointed out that there are "no clear distinctions in panel accuracy" when the panel size varies from 5 to 11 experts. Hence, for the user of the model, at least five experts should be inclued.
To test the developed technical severity evaluation model, 14 experts with the required characteristics were identified through nationally recognized ETICS committees in Estonia and Germany who agreed to participate in various phases of the study. The panel included seven experts each from Germany and Estonia. Seven of them were consultants/supervisors, two were managers/project managers in façade construction companies, and five were technical specialists from ETICS manufacturers. Two of the experts pre-tested the questionnaire and 12 out of the 14 were involved in the judgment of technical severity in 2016. The demographics of the experts participating in the technical severity evaluation are shown in Figure 2 . 
To test the developed technical severity evaluation model, 14 experts with the required characteristics were identified through nationally recognized ETICS committees in Estonia and Germany who agreed to participate in various phases of the study. The panel included seven experts each from Germany and Estonia. Seven of them were consultants/supervisors, two were managers/project managers in façade construction companies, and five were technical specialists from ETICS manufacturers. Two of the experts pre-tested the questionnaire and 12 out of the 14 were involved in the judgment of technical severity in 2016. The demographics of the experts participating in the technical severity evaluation are shown in Figure 2 . As the study aimed to identify the situation in Estonia, the Estonian experts were asked to participate in the region-specific data collection. Five of the seven Estonian experts agreed to participate Sustainability 2018, 10, 3900 5 of 26 in the survey conducted in 2018. All of them had 10 to 20 years of practical experience in the field. Figure 3 visualizes the demographics. All the data were collected during face-to-face meetings due to the requirement of a high response rate. Due to the small panel size of the region-specific data collection, it can be argued that the full capacity of the Delphi technique was not fully used. As the quality of the expert panel is more significant than the size [37] , and since the aim of the study was to test the developed model, the small panel size in the Delphi study was satisfactory.
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As the study aimed to identify the situation in Estonia, the Estonian experts were asked to participate in the region-specific data collection. Five of the seven Estonian experts agreed to participate in the survey conducted in 2018. All of them had 10 to 20 years of practical experience in the field. Figure 3 visualizes the demographics. All the data were collected during face-to-face meetings due to the requirement of a high response rate. Due to the small panel size of the regionspecific data collection, it can be argued that the full capacity of the Delphi technique was not fully used. As the quality of the expert panel is more significant than the size [37] , and since the aim of the study was to test the developed model, the small panel size in the Delphi study was satisfactory. 
Selection of Degradation Factors
The list of degradation factors was collected through a literature review. The list of shortcomings is based on descriptive instructions, recommendations, harmonized standards, set requirements [38] [39] [40] [41] [42] [43] , studies regarding simulations or material studies made in laboratory conditions [11] [12] [13] [14] , field research [2, 3, 5, 7, 51, [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] , and books on the topic [6, 9, 10] . Based on these references published between 1996 and 2015, a list of identified on-site degradation factors was created. The degradation factors were distributed according to the seven layers of the system. The construction works in the substrate layer mainly concern the preparation of the existing external wall. Adhesive, reinforcement, and finishing layers include work practices with mixtures and mesh application. Insulation and mechanical anchors specify the requirements for the insulation panels and mechanically fixed anchors. The additional details generalize the defects of the installations of auxiliary products, like windowsills and plinth areas. Table 1 shows the literature used for the selection of degradation factors and the layer to which the factor is related, whereas entire list of revealed on-site shortcomings for further evaluation is presented in Appendix A. 
Layer
Literature Source Substrate (S) [6, 9, 10, 56, 64, 68, 73 ] Adhesive (D) [6, 7, [9] [10] [11] [12] 14, 15, 46, 56, 69, 73, 76 ] Insulation (I) [6, 9, 10, 13, 49, 50, 58, 72, 73] Mechanical anchors (A) [6, 9, 10, 40, 41] Reinforcement (R) [2, 6, 9, 10, 55] Finishing layer (F) [6, [9] [10] [11] 14 ,69] Additional details (X) [6, 9, 10, 53, 62] To reveal questionnaire errors, one declared and one undeclared pre-test were conducted. Similarly, individual pre-testing has been used by other researchers [81] and shown good results in Figure 3 . Demographics of the experts participating in the occurrence and detectability evaluation.
Selection of Degradation Factors
The list of degradation factors was collected through a literature review. The list of shortcomings is based on descriptive instructions, recommendations, harmonized standards, set requirements [38] [39] [40] [41] [42] [43] , studies regarding simulations or material studies made in laboratory conditions [11] [12] [13] [14] , field research [2, 3, 5, 7, 51, [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] , and books on the topic [6, 9, 10] . Based on these references published between 1996 and 2015, a list of identified on-site degradation factors was created. The degradation factors were distributed according to the seven layers of the system. The construction works in the substrate layer mainly concern the preparation of the existing external wall. Adhesive, reinforcement, and finishing layers include work practices with mixtures and mesh application. Insulation and mechanical anchors specify the requirements for the insulation panels and mechanically fixed anchors. The additional details generalize the defects of the installations of auxiliary products, like windowsills and plinth areas. Table 1 shows the literature used for the selection of degradation factors and the layer to which the factor is related, whereas entire list of revealed on-site shortcomings for further evaluation is presented in Appendix A. [6, [9] [10] [11] 14 ,69] Additional details (X) [6, 9, 10, 53, 62] To reveal questionnaire errors, one declared and one undeclared pre-test were conducted. Similarly, individual pre-testing has been used by other researchers [81] and shown good results in identifying misinterpretations [82] . The reviews were conducted individually and independently, and the results of the other evaluations were not revealed. One expert was located in Germany, Sustainability 2018, 10, 3900 6 of 26 had a doctoral degree, and had more than 20 years of experience with the ETICS as a consultant and supervisor. The second was located in Estonia, had a master's degree in civil engineering, and more than 15 years of experience as project manager in ETICS construction. Both experts were participating in the National ETICS Standards Committee. During the reviews, 11 irrelevant factors were removed from further analysis, and the wording of 16 degradation factors was rephrased to improve the legibility and suitability for systems checked.
Technical Risk Priority Number of Degradation Factors
The evaluation system focused on the essential technical performance requirements set for the ETICS. We assumed that if the performance of the system does not meet the desired characteristics, a failure occurs. To classify and rate the significance of each failure, the risk assessment methodology Failure Mode Effects Analysis (FMEA) was used as it enables the quantification and prioritization of risk [20, 21, 83] . The technical risk priority number of a degradation factor was calculated with:
where TRPN DF is the technical risk priority number of a degradation factor, SV DF is technical severity value of a degradation factor, OV DF is occurrence value of a degradation factor, and DV DF is the detectability value of a degradation factor. The simulation data were divided into technical and region-specific components. The framework of the model is visualized in Figure 4 , where the occurrence and detectability are individual components, and the weighted technical severity value is a combination of eight severity categories. Sustainability 2018, 10, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sustainability identifying misinterpretations [82] . The reviews were conducted individually and independently, and the results of the other evaluations were not revealed. One expert was located in Germany, had a doctoral degree, and had more than 20 years of experience with the ETICS as a consultant and supervisor. The second was located in Estonia, had a master's degree in civil engineering, and more than 15 years of experience as project manager in ETICS construction. Both experts were participating in the National ETICS Standards Committee. During the reviews, 11 irrelevant factors were removed from further analysis, and the wording of 16 degradation factors was rephrased to improve the legibility and suitability for systems checked.
where TRPNDF is the technical risk priority number of a degradation factor, SVDF is technical severity value of a degradation factor, OVDF is occurrence value of a degradation factor, and DVDF is the detectability value of a degradation factor. The simulation data were divided into technical and region-specific components. The framework of the model is visualized in Figure 4 , where the occurrence and detectability are individual components, and the weighted technical severity value is a combination of eight severity categories. The experts evaluated the severity of the system's performance, the likelihood of occurrence, and detectability on a Likert scale. Likert scales from two up to 11 points have been used in other research [84] . According to Preston [84] , scales below or equal to four points should be avoided. For The experts evaluated the severity of the system's performance, the likelihood of occurrence, and detectability on a Likert scale. Likert scales from two up to 11 points have been used in other research [84] . According to Preston [84] , scales below or equal to four points should be avoided. For the severity evaluation, a six-point Likert scale was used to include the value of zero, which simplifies Sustainability 2018, 10, 3900 7 of 26 the interpretation of the cases where no influence is foreseen. The detectability and occurrence were evaluated in a five-point Likert scale. The developed Likert scales are shown the following section.
Technical Severity
For the building products used in the European Union, the general international technical requirements are set by Regulation (EU) Number 305/2011 [85] (also Construction Products Regulation or CPR), which is the basis for the "Guideline for European technical approval of External Thermal Composite System (ETICS) with rendering" (also ETAG 004) [41] . The Construction Products Regulation presumes that buildings and construction products meet the performance requirements during their economically reasonable working life and describes seven essential requirements for construction products. "Mechanical resistance and stability" (SC1), "safety in case of fire" (SC2), "energy economy and heat retention" (SC3), and "protection against noise" (SC4) are considered in this study as described in the CPR. "Sustainable use of natural resources" is explained in ETAG 004 as measures on the "aspects of durability and serviceability", which concern durability from several aspects that are differentiated in this study. The system must protect against short-term weather effects like "humidity and weather protection" (SC5), deliver its functions during the whole service life ("long-term durability", SC6), and be resistant to corrosion ("corrosion protection", SC7). "Safety in use" considers the resistance to combined stresses caused by normal loads. For clarity in this research, the label "ability to bypass tensions" (SC8) is used. "Hygiene, health, and environment" considers the effect on the indoor and outdoor environment as well as pollution due to the release of dangerous substances, which is not seen as a separate severity category in this façade construction technology-related study.
Each degradation factor affects the performance of each severity category, which influences the total performance of the façade. Aurnhammer [86] estimated technical defects concerning the diminishing value to the users. In the case of a shortcoming in any segment, the final resulting value decreases. The degradation severity was evaluated with a weighted impact method, in which all categories totaled 100%, describing the total failure in each category. Based on the weighting method developed by Aurnhammer [86] , the adjusted distribution ( Figure 5 ) provides an evaluation model to calculate the weighted technical severity value. The weighted technical severity value for each expert is calculated with Equation (2). The mean severity value of all experts is the input value for the technical risk priority number calculation in Equation (1) .
where SV DF,e is the weighted severity value of an expert, SR DF,SC,e is the individual rating of an expert for a severity category, SR SC,max is the maximum rating value for the severity category, and T SC is the weight of the severity category according to Figure 5 . The developed Likert scale for the technical severity rating is shown in Table 2 . The highest rating was assigned if the failure has a very high effect on the requirement and a score of zero was given when the failure has no impact on the requirement. These expert ratings were the input data for the calculation of weighted technical severity value. The validity of the severity values based on expert judgement was tested with the non-parametric Friedman's test, which increases the credibility of quantification of subjective evaluations [87, 88] . The non-parametric Friedman's test assesses the difference between a number of related samples. The test is used as an alternative for analysis of variances for repeated measures when the same parameters have been measured on the same subjects, but under different conditions [88] . Friedman's test was used for each degradation factor separately to detect expert values that are in the critical zone. The 103 degradation factors included 991 individual evaluations; 53 degradation factors received positive Friedman's test results with the first analysis, 82 individual evaluations were in the critical zone and a maximum of four rounds were applied. After the Friedman's test, the data sets included four to 12 experimental units. As there were enough different components in the calculation, the inaccuracy of the evaluations did not have a major impact on the final results.
Occurrence and Detectability Value
The probability of occurrence rates the incident frequency during the construction process. It is a subjective evaluation by the expert and is dependent on personal experience. The pre-test questionnaire revealed that it is impossible to quantify the occurrences in a specific range and quantification of subjective evaluation was required. The rating scale is shown in Table 3 . The highest value was given to often-occurring failures and the lowest value to unlikely failures. The detectability and occurrence evaluations were classified into five categories. The detectability value rates the difficulty level of on-site detection of the shortcoming. The characteristics are shown in Table 4 . The data collection to determine the detectability and occurrence values was developed using the Delphi technique, where independent and anonymous expert judgements are combined through mathematical aggregation [35] . The expected outcome was a consensus between the experts. The Delphi technique should be used if there is no quantifiable data available [89] . The technique requires the circulation of a questionnaire amongst the selected experts. There is no specific guideline to determine when a consensus has been achieved. In this study, the consensus was achieved when the experts agreed upon the mean values of the group.
The experts were asked individually and anonymously to provide their evaluations. According to the questionnaire, each expert needed to provide evaluations for occurrence and detectability. To obtain a high response rate, a meeting time with each expert was individually organized. During the face-to-face meeting, the questionnaire was completed by the expert. The responses from all experts were summarized and mean values were calculated. The collective mean results were sent to each expert and they were asked to revise their evaluation or agree/disagree with the collective result. During the next two weeks, three participants agreed with the collective results. Two experts reviewed the group results after a reminding phone call and stated their agreement with consensus. Hallowell et al. [30] described the "bandwagon effect", where decision makers may feel pressure to confirm the opinion of a group. Due to the fast agreement with the consensus and to investigate whether this described effect was present, the team of experts was brought physically together. The highest and lowest evaluations were discussed with the group to check if there were hidden assumptions. Positively, the consensus did not change after the meeting. The primary reason was that the individual evaluations depend highly on the skills and experience of the expert and the results may vary. The data collection process was conducted in 2018.
Results
The objective of this study was to prioritize on-site construction process activities to enable better resource allocation to quality control during construction. The developed technical severity model combines the effect of weighted technical severity, the probability of occurrence, and the detectability of the on-site construction work. The output values were divided into layers of the applied system and ETICS types for analysis. ETICS 1 concerns the purely bonded system with polystyrene. Polystyrene with mechanically fixed anchors and supplementary adhesive describe ETICS 2. ETICS 3 represents the mineral wool system with the same fixation type as ETICS 2. The benefit of the differentiation by ETICS type is to provide the ability to assign only relevant degradation factors to the simulation under evaluation. The differentiation by layers of the system allows the comparison between the sequences of the construction process.
Weighted Technical Severity Value
The primary variable for TRPN calculation is the average weighted technical severity value, which considers the technical significance of the degradation factors in the eight severity categories. The distribution of the average severity values by layers is shown in Figure 6 , where higher values denote higher significance. The degradation factors in the substrate and adhesive layers have significantly different severity values when ETICS types are compared. ETICS 1 is highly dependent on the characteristics of adhesion and has a higher severity value, whereas ETICS 2 and 3 share the fixation risk with mechanical anchors and have lower values. In other layers, the ETICS types have comparable values. 
The primary variable for TRPN calculation is the average weighted technical severity value, which considers the technical significance of the degradation factors in the eight severity categories. The distribution of the average severity values by layers is shown in Figure 6 , where higher values denote higher significance. The degradation factors in the substrate and adhesive layers have significantly different severity values when ETICS types are compared. ETICS 1 is highly dependent on the characteristics of adhesion and has a higher severity value, whereas ETICS 2 and 3 share the fixation risk with mechanical anchors and have lower values. In other layers, the ETICS types have comparable values. The SV1 group includes the degradation factors of the purely bonded system in the substrate layer, which involves preparation of the surface. Substrate coverage with oil (S1b), dust (S2b), biological growth (S3b), old paint (S4b), as well as decreased load bearing capacity (S5b), have high technical severity.
The second highly relevant group was SV2, which describes missing adhesive on the edges of insulation (D1b), freezing of the mixture (M9b), exceeded working time of the adhesive (D7b), and adding unsuitable ingredients (M8). The high technical severity of the substrate and adhesive layers is caused by the construction activities that are responsible for the fixation of the system to the existing external shell of the building. The degradation factors in the substrate layer include the pre-treatment of the surface and the properties of the substrate that affect the characteristics of adhesion. The existing exterior wall of the building must resist the additional load caused by the ETICS and is responsible, to a large extent, for the stability and adhesion characteristics of the attached system, whether the fixation relies on mechanical anchors or adhesive. The factors in the substrate and adhesive layers have a relatively high impact on the mechanical stability of the system and mediocre influence on long-term durability. The SV1 group includes the degradation factors of the purely bonded system in the substrate layer, which involves preparation of the surface. Substrate coverage with oil (S1b), dust (S2b), biological growth (S3b), old paint (S4b), as well as decreased load bearing capacity (S5b), have high technical severity.
The second highly relevant group was SV2, which describes missing adhesive on the edges of insulation (D1b), freezing of the mixture (M9b), exceeded working time of the adhesive (D7b), and adding unsuitable ingredients (M8). The high technical severity of the substrate and adhesive layers is caused by the construction activities that are responsible for the fixation of the system to the existing external shell of the building. The degradation factors in the substrate layer include the pre-treatment of the surface and the properties of the substrate that affect the characteristics of adhesion. The existing exterior wall of the building must resist the additional load caused by the ETICS and is responsible, to a large extent, for the stability and adhesion characteristics of the attached system, whether the fixation relies on mechanical anchors or adhesive. The factors in the substrate and adhesive layers have a relatively high impact on the mechanical stability of the system and mediocre influence on long-term durability. The highest technical impact was caused by the shortcomings in the reinforcement layer, which is responsible for the essential task of stress transmission within the system. In a correctly applied layer, the stresses are transmitted to the mesh applied. These factors considerably impact mechanical stability, but also the ability to bypass tensions, long-term durability, and weather protection. The relatively high impact of these severity categories can be explained by the requirement to bear stresses caused by the external environment, like hygrothermal changes during different seasons and freezethaw cycles. The two degradation factors with high severity were in the SV3 group: a thin layer of reinforcement mixture (R6) and the freezing of the reinforcement mixture (M9c).
Similar to the adhesive layer, mechanical anchors fix the system to the existing external shell and bear wind suction loads. Their technical effect mainly concerns the mechanical stability of the system, whereas all other severity categories remained rather irrelevant.
The degradation factors in the additional details layer were technically as relevant. In this study, the layer includes more generally described shortcomings that reflect the installation of additional products in contact with the system (i.e., application of windowsills, fixations that require penetration through the system, and installation of roof edge details). The additional details have high ratings on the severity categories of energy efficiency, and, to some extent, protection against noise, weather protection, long-term durability, and corrosion protection. In comparison to the internal layers of the system, the shortcomings in this layer mostly affect the moisture-induced problems as sealants fail and enable the external moisture to penetrate the system. An unexpectedly high severity value was assigned to the finishing coat and the degradation factors in group SV5. The external layer, in addition to its aesthetic function, is responsible for weather protection to some extent, although the ETICS is designed to function without the finishing layer. The natural conditions include a combination of effects from which the external layer provides protection: wind, rain, pollutants, relative humidity, temperature, and solar radiation. The results show a higher influence on the severity categories that consider the external effects: weather protection, long-term durability, and ability to bypass tensions. The shortcomings in the finishing layer had the highest standard deviation of 0.15. The degradation factors with high severity value include the risks of the mixture: freezing of the mixture (M9d), unsuitable storage conditions (M1d), The highest technical impact was caused by the shortcomings in the reinforcement layer, which is responsible for the essential task of stress transmission within the system. In a correctly applied layer, the stresses are transmitted to the mesh applied. These factors considerably impact mechanical stability, but also the ability to bypass tensions, long-term durability, and weather protection. The relatively high impact of these severity categories can be explained by the requirement to bear stresses caused by the external environment, like hygrothermal changes during different seasons and freeze-thaw cycles. The two degradation factors with high severity were in the SV3 group: a thin layer of reinforcement mixture (R6) and the freezing of the reinforcement mixture (M9c).
The degradation factors in the additional details layer were technically as relevant. In this study, the layer includes more generally described shortcomings that reflect the installation of additional products in contact with the system (i.e., application of windowsills, fixations that require penetration through the system, and installation of roof edge details). The additional details have high ratings on the severity categories of energy efficiency, and, to some extent, protection against noise, weather protection, long-term durability, and corrosion protection. In comparison to the internal layers of the system, the shortcomings in this layer mostly affect the moisture-induced problems as sealants fail and enable the external moisture to penetrate the system. An unexpectedly high severity value was assigned to the finishing coat and the degradation factors in group SV5. The external layer, in addition to its aesthetic function, is responsible for weather protection to some extent, although the ETICS is designed to function without the finishing layer. The natural conditions include a combination of effects from which the external layer provides protection: wind, rain, pollutants, relative humidity, temperature, and solar radiation. The results show a higher influence on the severity categories that consider the external effects: weather protection, long-term durability, and ability to bypass tensions. The shortcomings in the finishing layer had the highest standard deviation of 0.15. The degradation factors with high severity value include the risks of the mixture: freezing of the mixture (M9d), unsuitable storage conditions (M1d), and increased amount of kneading water (M3d). The lesser risks concern the adhesion with the previous layer, including missing primer (F1) and a not cured reinforcement layer (F2).
The insulation layer received the lowest average technical severity value. Although the primary function of the insulation is to reduce thermal conductivity, defects also affect noise protection, and all other shortcomings have extremely low influence (group SV4). The broken insulation plates (I9) and airflow on the surface of the substrate (I4) have an increased effect on noise protection, as well as on safety in case of fire. To some extent, the shortcomings influence the ability of corrosion protection due to moisture-induced problems in the system. Otherwise, the shortcomings regarding the application of the insulation layer have minimal influence.
Technical Severity Ratings
The comparison of unweighted severity ratings of singular severity categories to each other (Figure 8) showed that the severity categories of mechanical resistance and stability, and long-term durability were affected the most. The standard deviations were 1.02 and 0.81, respectively. The upper quartile of the mechanical resistance and stability category included nine degradation factors, which emphasizes the relevance of freezing of mixtures (M9c, M9b, and M9d) and the substrate (S10a and S10b), unsuitable mixture storage conditions (M1b, M1c, and M1d), unprepared substrate surface (S1b, S2b, and S4b), and usage of unsuitable anchor type (A9). The long-term durability category induced three factors: freezing of reinforcement (M9c) and finishing mixtures (M9d) and a high share of kneading water of the finishing layer (M3d). and increased amount of kneading water (M3d). The lesser risks concern the adhesion with the previous layer, including missing primer (F1) and a not cured reinforcement layer (F2). The insulation layer received the lowest average technical severity value. Although the primary function of the insulation is to reduce thermal conductivity, defects also affect noise protection, and all other shortcomings have extremely low influence (group SV4). The broken insulation plates (I9) and airflow on the surface of the substrate (I4) have an increased effect on noise protection, as well as on safety in case of fire. To some extent, the shortcomings influence the ability of corrosion protection due to moisture-induced problems in the system. Otherwise, the shortcomings regarding the application of the insulation layer have minimal influence.
The comparison of unweighted severity ratings of singular severity categories to each other (Figure 8) showed that the severity categories of mechanical resistance and stability, and long-term durability were affected the most. The standard deviations were 1.02 and 0.81, respectively. The upper quartile of the mechanical resistance and stability category included nine degradation factors, which emphasizes the relevance of freezing of mixtures (M9c, M9b, and M9d) and the substrate (S10a and S10b), unsuitable mixture storage conditions (M1b, M1c, and M1d), unprepared substrate surface (S1b, S2b, and S4b), and usage of unsuitable anchor type (A9). The long-term durability category induced three factors: freezing of reinforcement (M9c) and finishing mixtures (M9d) and a high share of kneading water of the finishing layer (M3d). The correlation analysis of the severity categories revealed high correlations within the groups of high-ranking severity categories (SC1, SC5, SC6, and SC8) and within low-ranking categories (SC2, SC3, SC4, and SC7). The regression analysis of the low-ranking categories included many variables that received a low score, as they have no impact, which enabled the interpretation of the correlation analysis results as irrelevant. The regression analysis in the high-ranking group had a highly positive R 2 value (0.60) for the pair of long-term durability and ability to bypass tensions (Figure 9a) . The results showed 60% of the degradation factors that affect the ability to bypass tensions also increase the value for humidity and weather protection. A similar result was obtained from the linear regression analysis for the pair of weather protection and long term-durability (Figure 9b ), which had an R 2 value of 0.38. The failure in the category of weather protection also reduced the long-term durability of the system. The other three pairs (SC1 and SC8, SC1 and SC6, and SC5 and SC8) had R 2 values between 0.28 and 0.29, providing a modest explanation of the model. We interpreted this as meaning that the defects that cause a decrease in mechanical stability also decrease the long-term durability and the ability to bypass tensions. Weather protection decreases through the defects in the ability to bypass tensions. The correlation analysis of the severity categories revealed high correlations within the groups of high-ranking severity categories (SC1, SC5, SC6, and SC8) and within low-ranking categories (SC2, SC3, SC4, and SC7). The regression analysis of the low-ranking categories included many variables that received a low score, as they have no impact, which enabled the interpretation of the correlation analysis results as irrelevant. The regression analysis in the high-ranking group had a highly positive R 2 value (0.60) for the pair of long-term durability and ability to bypass tensions (Figure 9a) . The results showed 60% of the degradation factors that affect the ability to bypass tensions also increase the value for humidity and weather protection. A similar result was obtained from the linear regression analysis for the pair of weather protection and long term-durability (Figure 9b ), which had an R 2 value of 0.38. The failure in the category of weather protection also reduced the long-term durability of the system. The other three pairs (SC1 and SC8, SC1 and SC6, and SC5 and SC8) had R 2 values between 0.28 and 0.29, providing a modest explanation of the model. We interpreted this as meaning that the defects that cause a decrease in mechanical stability also decrease the long-term durability and the ability to bypass tensions. Weather protection decreases through the defects in the ability to bypass tensions. (a) Linear regression for long-term durability (SC6) and ability to bypass tensions (SC8), and (b) humidity and weather protection (SC5) and long-term durability (SC6).
Probability Value
The second relevant component to the prioritization of the shortcomings is the probability of occurrence, as it rates the frequency of an incident during the construction process. The higher value emphasizes the shortcomings that occur more often. The average values of the likelihood of the occurrence in the seven layers ranged from 1.43 to 2.80 out of 5.0, as shown in Figure 10 . The average occurrence values of the degradation factors were placed in the order of the construction process in Figure 11 Figure 9 . (a) Linear regression for long-term durability (SC6) and ability to bypass tensions (SC8), and (b) humidity and weather protection (SC5) and long-term durability (SC6).
The second relevant component to the prioritization of the shortcomings is the probability of occurrence, as it rates the frequency of an incident during the construction process. The higher value emphasizes the shortcomings that occur more often. The average values of the likelihood of the occurrence in the seven layers ranged from 1.43 to 2.80 out of 5.0, as shown in Figure 10 . (a) Linear regression for long-term durability (SC6) and ability to bypass tensions (SC8), and (b) humidity and weather protection (SC5) and long-term durability (SC6).
The second relevant component to the prioritization of the shortcomings is the probability of occurrence, as it rates the frequency of an incident during the construction process. The higher value emphasizes the shortcomings that occur more often. The average values of the likelihood of the occurrence in the seven layers ranged from 1.43 to 2.80 out of 5.0, as shown in Figure 10 . The average occurrence values of the degradation factors were placed in the order of the construction process in Figure 11 The average occurrence values of the degradation factors were placed in the order of the construction process in Figure 11 The degradation factors including the additional details received the highest average rating (2.80), followed by the substrate layer (2.12). The shortcomings in the additional details layer are described in a more general manner and therefore include an increased variety of risks, which probably increase the occurrence rate in comparison to other layers to some extent, which are more specifically described. In the OV1 group, the highest occurrence values included problematic structural expansion joints (X1) and penetrations through the system due to fixation (X7).
The substrate layer included activities that are often intentionally not conducted, and they do not cause a visible problem unless other failures occur (OV2 group). Such degradation factors included cleaning of the surface from biological growth (S3a, S3b) and levelling the surface (S6a, S7b). An increased amount of adhesive is sufficient to decrease the risk. A slightly lower occurrence value was detected for the finishing layer (1.43), pointed out in the OV3 group.
Detectability Value
The third component of the TRPN calculation is the detectability of degradation factors during construction. The average detectability value ranged from 1.20 to 2.82, as shown in Figure 12 , where higher values indicate increased risk and lower detectability.
The degradation factors with the highest detectability values were in the adhesive layer, as this layer is covered immediately with the insulation plate, making it impossible to detect shortcomings after application without a destructive test. The second highest rating was for the reinforcement layer, where the mesh is covered during the application. The detectability remained slightly better, as the surface stays open and visible defects can be detected. The layers that are accessible for quality control for a longer period had lower detectability values. These layers included mechanical anchors, insulation, additional details, and the finishing layer. The degradation factors including the additional details received the highest average rating (2.80), followed by the substrate layer (2.12). The shortcomings in the additional details layer are described in a more general manner and therefore include an increased variety of risks, which probably increase the occurrence rate in comparison to other layers to some extent, which are more specifically described. In the OV1 group, the highest occurrence values included problematic structural expansion joints (X1) and penetrations through the system due to fixation (X7).
The degradation factors with the highest detectability values were in the adhesive layer, as this layer is covered immediately with the insulation plate, making it impossible to detect shortcomings after application without a destructive test. The second highest rating was for the reinforcement layer, where the mesh is covered during the application. The detectability remained slightly better, as the surface stays open and visible defects can be detected. The layers that are accessible for quality control for a longer period had lower detectability values. These layers included mechanical anchors, insulation, additional details, and the finishing layer. The detectability values of the degradation factors are visualized in the order of the construction process in Figure 13 , where the average values are shown with colored lines. The shortcomings in the substrate layer are visible for quality control for a longer period. However, the defects are often hard to detect and require additional measures to be taken in some cases (DV1 group), which is the reason for the high standard deviation (0.76). These degradation factors included the low load-bearing capacity (S5b, S5a), unsuitable type of adhesive (S7a, S7b), and chemical reaction between the remaining paint and applied adhesive (S4a, S4b). Additional measures should be taken to check the adhesion properties of the external surface and to test the pull-through strength of the structure. The variance between the different ETICS was very low.
The insulation layer had a high standard deviation (0.92) due to the DV2 group that had a low detectability value, and the DV3 group that had a high value. High detectability values in the DV3 group included two shortcomings: continuous gaps between the insulation layer and substrate (I4) and unfinished diffusion process of the polystyrene insulation plates (I2). On average, the mechanical anchors had good detectability (group DV5), except for the three factors in group DV4: cleaning of the anchor hole (A10), application of unsuitable anchor type (A9), and increased diameter of drilled anchor hole (A1). The detectability values of the degradation factors are visualized in the order of the construction process in Figure 13 , where the average values are shown with colored lines. The shortcomings in the substrate layer are visible for quality control for a longer period. However, the defects are often hard to detect and require additional measures to be taken in some cases (DV1 group), which is the reason for the high standard deviation (0.76). These degradation factors included the low load-bearing capacity (S5b, S5a), unsuitable type of adhesive (S7a, S7b), and chemical reaction between the remaining paint and applied adhesive (S4a, S4b). Additional measures should be taken to check the adhesion properties of the external surface and to test the pull-through strength of the structure. The variance between the different ETICS was very low.
The insulation layer had a high standard deviation (0.92) due to the DV2 group that had a low detectability value, and the DV3 group that had a high value. High detectability values in the DV3 group included two shortcomings: continuous gaps between the insulation layer and substrate (I4) and unfinished diffusion process of the polystyrene insulation plates (I2). On average, the mechanical anchors had good detectability (group DV5), except for the three factors in group DV4: cleaning of the anchor hole (A10), application of unsuitable anchor type (A9), and increased diameter of drilled anchor hole (A1). Detectability value (DV) of the degradation factors by the sequence of the construction process.
Technical Relevance According to the Risk Priority Number
The technical risk priority number (TRPN) is a combination of the weighted technical severity value, the detectability value, and the occurrence value. The results by layer and ETICS type are shown in Figure 14 , whereas Figure 15 positions the degradation factors according to the TRPN in the order of the construction process. 
The technical risk priority number (TRPN) is a combination of the weighted technical severity value, the detectability value, and the occurrence value. The results by layer and ETICS type are shown in Figure 14 , whereas Figure 15 positions the degradation factors according to the TRPN in the order of the construction process. The correlation and regression analysis between the pairs of severity value and occurrence value, and severity value and detectability value, showed no relevant correlation. Between the variables of occurrence value and detectability value, there is a weak negative correlation (r = -0.24), though the R 2 in the linear regression was 0.059, which does not explain the relationship between the variables. In comparison to the average weighted severity values shown in Figure 7 , the reinforcement, substrate, and adhesive layers retained their high average relevance rating. The deviation in all layers was relatively high. In the substrate and adhesive layers, ETICS 1 increased TRPN values due to the differences in severity values between the systems. Occurrence and detectability values had no significant difference in comparison to the ETICS types observed.
The highly relevant degradation factors in the substrate layer are shown in the technical risk (TR)1 group (Figure 15) . The incidence when the substrate is covered with chemically reacting remaining paint (S4b), usage of unsuitable adhesive type (S7b), and low humidity of the substrate as inorganic adhesion is applied (S8b) are highly relevant for ETICS 1. The systems with mechanical anchors and supplementary adhesive (ETICS 2 and ETICS 3) were highly influenced by the low loadbearing capacity of the substrate (S5a). In the low relevance group TR2 (substrate covered with oil; S1a, S1b), the relevance decreased due to very low values of occurrence and detectability.
The adhesive layer had the most relevant shortcomings in the TR3 group. Insufficient adhesive (S3a, S3b) received very high occurrence and detectability values, increasing its relevance. Three degradation factors with relatively high detectability values also belong to this group: dry curing conditions (M11b), lack of pressure during application of insulation plates (D8b), and adhesive not rubbed into mineral wool insulation plate (D4a). The low relevance group TR4 included the mixturerelated factors that reduced their relevance due to their low occurrence value. The factors include only the mixture preparation process: wrong material storage conditions (M1a, M2b), clots remain in the mixture during mixing process (M2a, M2b), and high share of kneading water (M3a).
The insulation layer and mechanical anchors included the majority of the degradation factors in the low relevance group TR6. Although the occurrence value of the shortcomings for mechanical anchors was relatively high (Figure 11 ), the good detectability and below average technical severity reduced the TRPN relevance. However, there were three degradation factors with a high TRPN in the TR5 group. Although continuous gaps that enable an internal airflow (S4) had high relevance in all three components, increased diameter of drilled anchor hole (A1) and unsuitable anchor type (A9) had increased relevance due to difficult detectability. The detection is more problematic in this layer as the quality check must occur during the application process. The correlation and regression analysis between the pairs of severity value and occurrence value, and severity value and detectability value, showed no relevant correlation. Between the variables of occurrence value and detectability value, there is a weak negative correlation (r = -0.24), though the R 2 in the linear regression was 0.059, which does not explain the relationship between the variables. In comparison to the average weighted severity values shown in Figure 7 , the reinforcement, substrate, and adhesive layers retained their high average relevance rating. The deviation in all layers was relatively high. In the substrate and adhesive layers, ETICS 1 increased TRPN values due to the differences in severity values between the systems. Occurrence and detectability values had no significant difference in comparison to the ETICS types observed.
The highly relevant degradation factors in the substrate layer are shown in the technical risk (TR)1 group (Figure 15) . The incidence when the substrate is covered with chemically reacting remaining paint (S4b), usage of unsuitable adhesive type (S7b), and low humidity of the substrate as inorganic adhesion is applied (S8b) are highly relevant for ETICS 1. The systems with mechanical anchors and supplementary adhesive (ETICS 2 and ETICS 3) were highly influenced by the low load-bearing capacity of the substrate (S5a). In the low relevance group TR2 (substrate covered with oil; S1a, S1b), the relevance decreased due to very low values of occurrence and detectability.
The adhesive layer had the most relevant shortcomings in the TR3 group. Insufficient adhesive (S3a, S3b) received very high occurrence and detectability values, increasing its relevance. Three degradation factors with relatively high detectability values also belong to this group: dry curing conditions (M11b), lack of pressure during application of insulation plates (D8b), and adhesive not rubbed into mineral wool insulation plate (D4a). The low relevance group TR4 included the mixture-related factors that reduced their relevance due to their low occurrence value. The factors include only the mixture preparation process: wrong material storage conditions (M1a, M2b), clots remain in the mixture during mixing process (M2a, M2b), and high share of kneading water (M3a).
The insulation layer and mechanical anchors included the majority of the degradation factors in the low relevance group TR6. Although the occurrence value of the shortcomings for mechanical anchors was relatively high (Figure 11 ), the good detectability and below average technical severity reduced the TRPN relevance. However, there were three degradation factors with a high TRPN in the TR5 group. Although continuous gaps that enable an internal airflow (S4) had high relevance in all three components, increased diameter of drilled anchor hole (A1) and unsuitable anchor type (A9) had increased relevance due to difficult detectability. The detection is more problematic in this layer as the quality check must occur during the application process. The reinforcement layer had the highest average TRPN and the majority of the degradation factors were positioned near the average value (the TR7 group). The degradation factors of the thin reinforcement layer (R6) and layers not applied in wet to wet condition (R7) in the TR8 group reduced the ability to bypass tensions into the mesh and were the most relevant. Thin reinforcement layer (R6) had, in comparison, a higher severity value due to the impact on the long-term durability but is easier to detect as the pattern of the mesh is visible after completion of the layer. Layers not applied in wet to wet condition (R7) can be detected only during the application process.
The risks in the finishing layer, mostly assembled in the TR9 group, decreased its relevance due to the low occurrence value. The layer has no degradation factors that are considered highly relevant to the system's performance.
The shortcomings in the additional details layer decreased the relevance due to their low detectability value but remained relatively high as the failures occur rather often. Most problematic was moisture penetration into the system due to problematic solution windowsills (X2) and other fixed frame connections (X4) in the TR10 group.
Discussion
This section reviews the research method from two aspects and discusses future applications. The FMEA method was initially developed in the 1950s as a military procedure in the USA, and since then, critics have pointed out the flaws. The FMEA method has been used in the construction industry in several studies [20, 21, 83] . Layzell [83] applied the method to a similar cladding system and stated that the application and the results of the method depend on the availability of the data. The data in this research involved quantifying the subjective evaluations of the experts. If more quantifiable observations are made for any of the components (severity, occurrence, or detectability), the data could be more specific. However, comparative relevance is not expected to differ significantly. At this moment, there are no more specific quantified data available. Nevertheless, the outcomes of the single parameters as well as the TRPN results were logical. Additional degradation The reinforcement layer had the highest average TRPN and the majority of the degradation factors were positioned near the average value (the TR7 group). The degradation factors of the thin reinforcement layer (R6) and layers not applied in wet to wet condition (R7) in the TR8 group reduced the ability to bypass tensions into the mesh and were the most relevant. Thin reinforcement layer (R6) had, in comparison, a higher severity value due to the impact on the long-term durability but is easier to detect as the pattern of the mesh is visible after completion of the layer. Layers not applied in wet to wet condition (R7) can be detected only during the application process.
This section reviews the research method from two aspects and discusses future applications. The FMEA method was initially developed in the 1950s as a military procedure in the USA, and since then, critics have pointed out the flaws. The FMEA method has been used in the construction industry in several studies [20, 21, 83] . Layzell [83] applied the method to a similar cladding system and stated that the application and the results of the method depend on the availability of the data. The data in this research involved quantifying the subjective evaluations of the experts. If more quantifiable observations are made for any of the components (severity, occurrence, or detectability), the data could be more specific. However, comparative relevance is not expected to differ significantly. At this moment, there are no more specific quantified data available. Nevertheless, the outcomes of the single parameters as well as the TRPN results were logical. Additional degradation factors should be integrated into the model and evaluated as technical aspects of ETICS or its application process alter.
Secondly, the results of the model are a product of three variables: severity, occurrence, and detectability. Puente [22] , Bowles [23] , and Wang [24] argued that simple multiplication of ordinal scales might be misleading, as different combinations might produce the same output value. There are also concerns about the interpretation of the results of this research. The outcomes of detectability and occurrence are the result of subjective expert judgement. The change in one variable has a relatively large impact on the risk, upon which the final recommendations were based. In the earlier work of Bowles [90] , a disadvantage was detected in the occasion when multiple severity effects are occurring. To reduce the impact of this disadvantage, a weight factor of the technical severity categories was implemented, and the analysis aimed to observe the impact on the system's total performance.
The external envelope of a building is also exposed to weather effects after the completion of the application process. The materials are affected by radiation [79] , pollution [3] , freeze-thaw cycles [44] , humidity, the direction of the façade, and changes in porosity [45, 67] , which all impact the durability of the façade. Finnish research on the hygrothermal behavior of ETICS [60] highlighted that the high relative humidity during freeze-thaw cycles is problematic, and there is a need for increased protection against frost attack in cold climates. Therefore, we expect that in milder climate conditions, on-site shortcomings will appear in the long term. In this study, the climate condition considerations may have affected the probability of occurrence of the degradation factor. To mitigate this influence, the experts evaluated the occurrence frequency of the shortcomings observed during the construction process and this was not confused with the occurrence of visible degradation during the exploitation period.
Additionally, the latency of the shortcoming has an economic effect, as repair costs increase the size of investment and affect the decisions on quality control. The cost component is highly relevant in terms of the owner's and contractor's quality considerations. Equilibrium could be found in future research between quality increase and risk mitigation. To find the cost component of ETICS, several aspects should be considered. The economic component is project-specific and depends on the chosen system, logistics, general economic situation in the region, latency period of the shortcoming, and other aspects.
In this study, the model included three components in the mathematical aggregation. To consider the impact of climate and the cost of repair, a multiplier could be developed to calibrate the relevance. Future research could implement these considerations into a unified model.
Conclusions and Recommendations
The usage of External Thermal Insulation Composite Systems (ETICSs) is increasing in Europe as the existing dwellings are refurbished according to newly introduced energy efficiency measures. The façade system has advantages for the building and owners but requires additional quality control to reduce the degradation caused by often-occurring minor shortcomings during the construction process.
We developed a technical severity evaluation model to quantify the relevance of on-site shortcomings of ETICS. The model followed the Failure Mode Effects Analysis method and considered the technical severity, and the probability of occurrence and detectability of deviations. The data were collected from experts' judgement and validated with the non-parametric Friedman's test and the Delphi technique. The impact of the selected 103 degradation factors were quantified and presented in the order of the construction process. The technical relevance assessment model considered the technical severity, occurrence probability, and detectability of the degradation factors.
The technical severity evaluation revealed that the ETICS construction process significantly alters the resilience of the system in regard to mechanical stability, long-term durability, ability to bypass tension, and weather protection. The preparation of substrate and application of adhesive are important factors, as are the activities that involve the reinforcement and finishing layer. The occurrence probability component reduced the relevance of the finishing layer, but added value to additionally added details (i.e., windowsills, plinth details). The detectability component was more relevant for the application of mixtures in the adhesive and reinforcement layers. The final output of the study, technical risk priority number (TRPN), emphasized that the most relevant aspect is the reinforcement layer for all ETICS types, and the significance of adhesion for the purely bonded system.
Based on the results of the study; the following general aspects should be considered during resource allocation for quality control:
1.
The adhesion to the exterior façade of the building is highly relevant for the purely bonded ETICS. During the application process, the degradation factors which influence the adhesion characteristics have a very high impact on the technical severity of the system. These shortcomings are hard to detect as they are covered for further inspection shortly.
2.
The preparation process of the reinforcement mixture and the application of the mesh have a high technical risk as shortcomings occur often. The layer is responsible for distributing internal and external stress. If a failure occurs, the anomalies evolve and enable moisture to penetrate the system. 3.
The failures during the application of additional details (windowsills, fixed frames, plinth areas, and other fixings) often occur and have severe technical consequences but are detectable.
4.
The failures that occur during construction in the insulation, anchorage, and finishing layers have reduced risk, as they occur rather rarely and are visually detectable. Nevertheless, the technical severity remains high for mechanical anchors.
The outcomes of the technical relevance model enable the allocation of resources on more relevant degradation factors, which occur often and are hard to detect, to avoid the loss of technical performance. In case of relevant changes to the requirements, construction technology, or construction materials, the developed model can be reapplied after the components are quantified according to the developed method.
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